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Abstract 

The  quantitative  analysis  of  the  microstructure  and  related  physicochemical  properties  of  the  anode  substrate  are  essential  for  the  iden¬ 
tification  of  the  optimum  fabrication  conditions  for  the  best  performance  of  the  SOFC  unit  cell.  However  it  is  not  easy  to  characterize  the 
correlation  of  the  micro  structure  and  the  property  of  the  Ni/YSZ  cermet  anode  due  to  its  very  complicated  structural  features.  Moreover,  it  is 
not  a  simple  matter  to  differentiate  all  of  the  phases  in  the  Ni/YSZ  anode  via  simple  microscopic  observations.  In  this  study,  we  developed  an 
image  analyzing  method  to  differentiate  each  constituent  phase  of  the  Ni/YSZ  cermet,  enabling  us  to  investigate  the  micro  structural  evolution 
of  the  Ni/YSZ  anode  and  the  characterization  of  the  correlation  between  the  microstructure  and  the  properties  of  the  Ni/YSZ  anode. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  commonly  used  Ni/YSZ  cermet  is  known  to  have 
many  desirable  properties  for  use  in  SOFC  anodes,  such  as 
high  electronic  and  ionic  conductivity,  high  electrochemi¬ 
cal  activity,  and  good  micro  structural  stability.  The  electrical 
property  and/or  electrochemical  properties  of  Ni/YSZ  cermet 
anodes  are  normally  controlled  not  only  by  the  electrical  con¬ 
ductivity  of  the  metal-ceramic  composite  itself  but  also  by  the 
appropriate  gas  diffusion  path,  in  order  to  reduce  the  ohmic 
and  diffusional  polarization  losses  of  the  cell  performance, 
respectively  [1-5]. 

Both  the  electrical  conductivity  and  the  gas  permeability 
of  SOFC  anodes  are  strongly  related  to  microstructural  pa¬ 
rameters,  for  example,  the  particle  size,  composition  and  spa¬ 
tial  distributions  of  the  constituent  phases  [4,5] .  However,  it  is 
not  easy  to  characterize  the  correlation  of  the  microstructure 
and  the  properties  of  the  Ni/YSZ  cermet  anode  due  to  very 
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complicated  structural  features  with  three  different  phases: 
metallic  Ni,  YSZ  ceramic  and  pores. 

In  our  previous  study  [6] ,  we  showed  it  was  feasible  to  con¬ 
duct  a  quantitative  image  analysis  of  the  anode  microstruc¬ 
ture  to  characterize  the  correlation  of  the  microstructure  and 
the  properties  of  the  anode.  Nonetheless,  it  was  not  a  sim¬ 
ple  matter  to  differentiate  all  of  the  phases  in  an  anode  sub¬ 
strate  via  simple  microscopic  observations  [7-10]  because 
the  backscattered  coefficients  of  Ni  and  YSZ  phases  were 
too  much  alike.  Thus,  we  had  to  use  somewhat  indirect  meth¬ 
ods  to  separate  the  information  about  the  phases:  (1)  infor¬ 
mation  about  the  Ni  phase  was  separated  from  the  optical 
micrograph,  based  on  the  large  difference  of  the  brightness 
between  Ni  and  the  other  phases;  (2)  pores  were  separated 
from  the  other  solid  phases  via  SEM  micrograph;  and  (3)  the 
YSZ  phase  was  separated  by  etching  out  the  Ni  phase  with 
hydrochloric  acid. 

Such  an  indirect  and  multiple- step  method  is  very  compli¬ 
cated  and  inconvenient  to  carry  out,  even  if  somewhat  mean¬ 
ingful  microstructural  information  can  be  obtained.  In  addi¬ 
tion,  this  method  often  results  in  inaccurate  microstructural 
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information,  because  the  data  from  each  characterization  step 
is  from  different  samples  and  different  sample-preparation 
methods  for  the  stereological  observations.  Thus,  many  ef¬ 
forts  have  been  made  to  develop  a  simple  and  straightforward 
method  to  differentiate  all  three  phases  simultaneously. 

Recently,  Simwonis  et  al.  [7]  reported  a  very  efficient 
method  to  identify  all  of  the  phases  in  the  Ni/YSZ  anode,  by 
controlling  the  brightness  of  certain  anode  components.  In 
their  study,  they  modified  the  polished  surface  of  the  Ni/YSZ 
cermet  via  the  selective  sputtering  of  a  Fe2C>3  interference 
film  to  the  Ni  phase,  which  led  to  a  decrease  of  Ni  contrast 
and  the  successful  discrimination  of  each  phase. 

However,  the  experiments  of  Ref.  [7]  were  very  difficult 
to  perform  and  to  reproduce,  because  the  thickness  of  the 
coated  interference  layer  is  too  difficult  to  control,  to  acquire 
a  suitably  high  level  of  contrast  between  the  different  phases. 
Thickness  control  of  the  coated  interference  layer  is  very  cru¬ 
cial:  if  the  layer  is  too  thin,  the  brightness  of  the  Ni  particles 
will  be  too  high;  consequently,  the  contrast  between  YSZ  and 
the  pores  will  be  disturbed.  On  the  contrary,  if  the  layer  is  too 
thick,  then  the  contrast  between  Ni  and  YSZ  will  be  reduced, 
making  clear  separation  of  the  two  phases  unachievable,  due 
to  similar  brightness  of  each  phase. 

In  this  study,  we  propose  a  viable  and  simple  method  to 
analyze  quantitatively  each  of  the  constituent  microstruc- 
tural  features,  including  size,  distribution  and  the  contigu¬ 
ousness  of  the  Ni,  YSZ,  and  pore  phases  in  the  Ni-YSZ  an¬ 
ode  substrate.  A  proper  way  of  analyzing  the  complicated 
structure-property-processing  correlation  of  the  SOFC  an¬ 
ode  will  also  be  discussed. 


2.  Experiments 

For  the  fabrication  of  anode  substrate,  we  used  NiO  (Sum¬ 
itomo,  USA),  coarse  YSZ  (Unitec,  UK)  and  fine  YSZ  (Tosho, 
Japan)  with  a  mixing  ratio  of  56:22:22  wt.%  as  the  starting 
materials.  The  average  particle  sizes  of  the  fine  YSZ,  the 
coarse  YSZ,  and  the  NiO  were  0.25,  1.8  and  0.8  pan,  re¬ 
spectively.  The  pre-mixed  powders  were  ball-milled  in  the 
proper  solvents  for  24  h  and  then  granulated  to  aid  powder 
compaction  at  the  forming  stage.  In  this  study,  we  used  a 
liquid  condensation  process  for  the  granulation  and  used  a 
thermoset  polymer  as  both  a  deformable  fugitive  phase  and 
binder,  which  provided  additional  porosity  after  the  heat  treat¬ 
ment.  The  granules  of  the  NiO/YSZ  mixture  were  compacted 
and  uni-axially  pressed  into  a  plate  with  8  cm  x  8  cm  area, 
of  ~1  mm  in  thickness,  under  a  pressure  ranging  from  4  to 
16  MPa,  in  order  to  get  different  microstructural  features  of 
the  anode  substrate. 

With  an  optical  microscope  (Zeiss  Axiovert,  Germany), 
we  investigated  the  microstructures  of  the  Ni/YSZ  cermet, 
which  had  been  reduced  at  900  °C,  for  3  h,  in  a  reducing  at¬ 
mosphere.  We  prepared  the  Ni/YSZ  cermet  sample,  following 
a  general  ceramographic  method.  At  this  point,  we  used  some 
special  techniques  to  preserve  the  original  microstructure  of 


the  Ni/YSZ  cermet,  because  the  porous  (in  our  case,  above 
20%  up  to  50%  of  porosity)  structure  of  the  Ni/YSZ  cermet 
can  be  easily  damaged  during  grinding  and  polishing.  Ac¬ 
cording  to  our  previous  microstructural  investigation  of  the 
Ni/YSZ  cermet,  a  relatively  soft  Ni  metal  phase  was  easily 
mashed  during  the  grinding  and  polishing  process  resulting  in 
the  misinterpretations  of  the  micro  structure,  especially  with 
regard  to  the  pore  structure  of  Ni/YSZ  cermet. 

To  avoid  such  damage  of  the  Ni/YSZ  cross-section,  we 
used  a  polymer  infiltration  method  similar  to  that  of  Simwo¬ 
nis  et  al.  [7].  In  their  study  [7],  they  filled  a  porous  Ni/YSZ 
cermet  with  an  epoxy  resin  to  create  a  rigid  skeleton  that 
kept  the  pore  structure  intact  during  the  polishing.  However, 
an  epoxy  resin  is  difficult  to  remove  after  polishing.  There¬ 
fore,  we  investigated  various  polymeric  phases  and  eventually 
developed  a  proper  polymer  blend.  The  developed  polymer 
blend  is  easier  to  infiltrate  into  a  porous  body,  and  leaves  no 
unfilled  space,  which  makes  it  very  useful  for  the  investiga¬ 
tion  of  a  nano-porous  body.  The  polymer  blend  also  provides 
more  rigidity  than  an  epoxy  polymer  when  polishing,  and  it 
is  easy  to  remove  after  polishing. 

After  hardening  of  the  infiltrated  polymer  phase,  grinding 
and  polishing  were  carried  out  with  SiC  paper  and  diamond 
pastes  down  to  1  pan  particles.  An  optical  microscope  (Zeiss 
Axiovert,  Germany),  equipped  with  a  digital  camera  (JVC 
KY-F70,  Japan),  was  used  to  capture  digital  images  of  the 
Ni/YSZ  cermet.  With  this  system,  we  translated  the  optical 
images  into  digitized  pixels  with  255  different  gray  values  (0 
for  black  and  255  for  white  pixels). 

Image  analysis  with  Image-Pro  (Media  Cybernetics, 
USA),  based  on  quantitative  microscopic  theory,  was  per¬ 
formed  to  separate  each  of  the  constituent  phases  and  to  quan¬ 
tify  various  microstructural  parameters  of  each  phase,  such 
as  size,  distribution,  and  contiguity  of  each  phases.  The  elec¬ 
trical  conductivities  of  the  Ni/YSZ  cermet  were  measured  by 
means  of  dc  four-point  probe  technique  with  a  current  source 
(Keithley  224,  USA)  and  a  DMM  (Keithley  2000,  USA). 
The  porosity  and  gas  permeability  of  the  samples  were  mea¬ 
sured  with  a  mercury  porosimeter  (Micrometries,  USA)  and 
perm  porometer  (PMI,  USA),  respectively.  All  of  these  mea¬ 
surements  were  performed  to  verify  the  quantitative  image 
analysis  of  the  Ni-YSZ  anodes. 

3.  Results  and  discussion 

In  our  previous  study  [6],  we  pointed  out  that  the  quantita¬ 
tive  analysis  of  the  microstructure  and  related  physicochemi¬ 
cal  properties  of  the  anode  substrate  are  most  essential  for  the 
identification  of  the  optimum  fabrication  conditions  for  the 
best  performance  of  the  unit  cell.  However,  as  we  mentioned 
in  the  previous  section,  the  main  obstacle  of  this  analysis 
exists  from  the  first  stage  of  the  microscopic  observation. 

Fig.  1  shows  typical  SEM  micrographs  of  the  Ni/YSZ 
cermet.  As  shown  in  Fig.  la,  all  the  solid  phases  showed  the 
same  brightness,  and  it  was  not  possible  to  differentiate  the  Ni 
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(b) 

Fig.  1.  Cross-sectional  views  of  Ni/YSZ  cermet:  (a)  SEM  image;  (b)  BSE  image. 


phase  from  the  YSZ  phase.  In  addition,  the  BSE  image  cannot 
visibly  separate  the  Ni  phase  from  the  YSZ  phase  (Fig.  lb). 
On  the  other  hand,  the  general  optical  image  of  the  Ni/YSZ 
cermet  in  Fig.  2  showed  an  extremely  high  brightness  of  the 
Ni  phase,  contrasted  with  the  YSZ  phase  and  pore  phase, 
causing  an  insufficient  difference  in  darkness  to  distinguish 
the  pore  phase  from  the  YSZ  phase. 

Therefore,  we  developed  a  very  simple  and  viable  method 
to  differentiate  each  phase  of  the  Ni/Y SZ  cermet  from  a  single 
micrograph,  without  any  surface  treatment  of  the  Ni/Y  SZ  cer¬ 
met.  A  typical  micrograph  of  the  Ni/YSZ  cermet  anode  and 
its  gray-scale  value  histogram  are  given  in  Fig.  3.  As  shown 
in  Fig.  3,  the  range  of  gray-scale  value  is  too  narrow  to  be  dis¬ 
tinguished  and  only  the  brightness  of  the  Ni  phase  is  clearly 
distinguished  from  the  other  phases.  Therefore,  the  first  step 


of  the  image  development  is  the  contrast  enhancement  of  the 
original  image.  We  used  Photoshop  software  (Adobe,  USA) 
to  control  the  contrast  of  the  image. 

In  Fig.  4,  a  contrast-enhanced  digital  image  of  Ni/YSZ  and 
its  gray-scale  value  histogram  are  given.  As  shown  in  Fig.  4, 
the  contrast  has  been  enhanced,  compared  with  original  im¬ 
age  in  Fig.  3,  and  the  resulting  range  of  the  gray- scale  value  is 
extended  to  a  full  range.  However,  there  are  still  some  unclear 
boundaries  remaining  between  the  different  brightnesses  in 
Fig.  4.  Thus,  the  second  step  of  the  image  development  is 
noise  filtering  via  the  graphic  tools  of  Photoshop.  In  this  op¬ 
eration,  we  reduced  the  frame  of  observation  by  trimming 
some  edge  parts  of  the  actual  image  out,  for  better  resolu¬ 
tion  of  analysis,  because  the  unclear  contrast  was  observed 
mainly  on  these  edge  parts.  For  this  step,  we  fixed  the  image 
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Fig.  2.  Typical  optical  micrograph  of  Ni/YSZ  cermet. 


size  of  investigation  at  40  \xm  x  33  ptm  for  whole  through 
the  analysis. 

The  resulting  image  of  Ni/YSZ  and  its  gray-scale  value 
histogram  are  given  in  Fig.  5.  As  shown  in  Fig.  5,  the  con¬ 


trast  between  the  different  phases  is  enhanced,  resulting  in 
relatively  dark  images  of  pores,  relatively  bright  images  of 
Ni,  and  intermediate  brightness  of  the  YSZ  images,  which  is 
suitable  for  better  resolution  of  the  phase  separation.  As  the 


Fig.  3.  Optical  micrograph  and  a  gray-scale  value  of  a  Ni/YSZ  cermet  (gray  value  0  =  black,  255  =  white). 
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Fig.  4.  Contrast-enhanced  image  and  a  gray-scale  value  of  a  Ni/YSZ  cermet  (gray  value  0  =  black,  255  =  white). 


next  step  of  the  analysis  for  the  exact  differentiation  of  each 
phase,  we  adopted  a  specific  threshold  value  of  brightness, 
with  a  tolerance  of  30%  for  each  phase;  the  resulting  image 
and  its  gray- scale  value  histogram  are  shown  in  Fig.  6.  For 
better  visualization  of  the  separated  images  we  applied  col¬ 
oration  to  each  of  the  phases.  The  resulting  colorized  ternary 
image  is  shown  in  Fig.  7,  where  the  exact  discrimination  of 
the  Ni,  YSZ,  and  the  pores  is  made  possible  by  using  different 
colors. 

We  separated  independent  binary  images  containing  only 
one  selected  phase  from  ternary  image  in  Fig.  7  for  further 
detailed  microstructural  analysis.  As  shown  in  Fig.  8,  the 
separated  images  of  each  Ni,  YSZ  and  pore  phase  are  very 
clearly  differentiated  and  are  suitable  for  the  quantitative 
analysis  of  each  corresponding  phase.  The  entire  process 
of  the  image  analysis  for  the  original  optical  micrograph  is 
shown  in  Fig.  9  in  the  form  of  flow  chart. 

With  these  de-convoluted  binary  images,  we  applied  the 
line-interception  method  as  the  main  analyzing  tool  to  char¬ 
acterize  the  microstructural  parameters  of  the  composite, 
such  as  the  size,  the  distribution,  and  the  contiguity  of 
the  selected  phases,  in  order  to  investigate  a  more  specific 
microstructure-property  correlation.  As  the  main  sequence  of 
line  interception,  we  introduced  multi-parallel  lines  for  each 
v-  and  y-direction  of  the  two-dimensional  images  to  measure 


Fig.  5.  Digital  image  after  noise  filtering  and  the  gray-scale  value  of 
Ni/YSZ  cermet  (gray  value  0  =  black,  255  =  white). 
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Fig.  6.  Optimized  digital  image  with  three  different  gray-scale  values. 


the  interception  length  of  the  selected  phase  on  the  line,  a 
procedure  that  is  also  useful  to  investigate  the  anisotropy 
of  each  phase.  To  assure  the  reliability  of  the  analysis,  we 
introduced  at  least  100  independent  parallel  lines  for  each 
direction  in  more  than  10  digital  images.  In  order  to  process 
the  large  quantity  of  analysis  data,  we  used  automatic  line- 
intercept  analyzing  programs  with  Image-Pro  software.  From 
this  synthetic  analysis,  we  could  guarantee  that  the  maximum 
error  of  the  analysis  would  be  less  than  5%.  The  details  of  the 
line-interception  method  were  already  introduced  elsewhere 
[6]. 


Fig.  7.  Coloration  of  digital  image  with  three  different  colors. 


Fig.  8.  Separation  of  three  different  phases  of  Ni/YSZ  cermet  and  resulting 
binary  images:  (a)  Ni;  (b)  YSZ;  (c)  Pores. 


To  check  the  validity  of  our  line-intercept  analysis,  the 
results  of  the  area  fractions  of  three  phases  are  plotted  in 
Fig.  10  and  compared  with  the  reference  data.  As  shown 
in  Fig.  10,  the  theoretical  values  of  the  Ni  and  YSZ  area 
fraction,  which  were  calculated  from  the  initial  composition 
of  the  Ni/YSZ  cermet,  corresponded  well  to  the  estimated 
fraction  from  the  image  analysis.  Furthermore,  the  estimated 
value  of  porosity  from  the  image  analysis  also  corresponded 
well  to  actual  measurements  via  the  Archimedes  method 
and  mercury  porosimetry.  These  results  provide  assurance 
that  our  image  analyzing  method  is  very  consistent  and 
reliable. 
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Fig.  9.  Schematic  flow  chart  of  the  image  analysis  process. 

Nonetheless,  in  principle,  all  these  results,  such  as  the 
size  and  area  fraction  of  the  Ni,  the  YSZ,  and  the  pore  phases 
from  the  image  analysis  provided  only  two-dimensional  in¬ 
formation.  Thus,  for  the  calculation  of  three-dimensional 
contiguity  of  selected  phase,  from  which  we  could  derive 
a  more  direct  correlation  with  the  physical  properties  of  the 
Ni/YSZ  cermet,  we  introduced  a  quantitative  stereological 
theory  [11-14]  and  transformed  the  two-dimensional  infor¬ 
mation  to  three-dimensional  information,  in  a  quantitative 
manner. 

According  to  Simwonis  et  al.  [7]  the  microstructural  in¬ 
formation  from  a  two-dimensional  micrograph  can  be  trans¬ 
formed  to  three-dimensional  structural  information  based 
on  quantitative  stereological  theory  [11-14].  In  their  study, 
they  proposed  following  equations  to  calculate  the  three- 
dimensional  contiguity  (Q)  of  a  selected  phase  from  the  frac¬ 


tion  of  the  contact  areas  ( Slv )  of  the  phase  i  (=Ni,  YSZ,  pores) 
relative  to  the  total  inner  surface,  which  had  been  originally 
adopted  for  the  two  phase  mixtures  [15-18]. 


In  this  equation,  the  volume  to  surface  area  ratio  ( Vi/Slv ) 
of  phase  i  can  be  defined  as 


Vf  =  U 

Si  4 


where  k  is  the  intercept  length  of  the  phase  i  derived  from  the 
line-interception  analysis  of  the  two-dimensional  images. 

From  Eqs.  (1)  and  (2),  the  three-dimensional  contiguities 
of  each  selected  phase  are  expressed  as  the  following: 


YNi/YSZ^pore 

YNi/YSz/pore  +  VySzW  pore  +  YporeWYSZ 


(3.1) 


<7  YSZ  = 


YyszWpore 

FNi/ySZ^pore  +  VySzWpore  +  Ypore  WySZ 


(3.2) 


_ Yppre^YSZ^Ni _ 

YNi/YSZ^pore  +  VySzWpore  +  VporeWYSZ 


(3.3) 


As  shown  in  Eqs.  (3. 1)— (3.3),  the  three-dimensional  informa¬ 
tion  of  contiguity  can  be  calculated  from  the  two-dimensional 
structural  parameter  of  the  intercept  length  and  the  vol¬ 
ume  fraction  obtained  from  the  image  analysis  of  the  two- 
dimensional  micrograph.  The  calculated  values  of  three- 
dimensional  contiguity  for  all  three  components  of  Ni/YSZ 
cermet  are  plotted  in  Fig.  1 1  as  a  function  of  one  of  the  typi¬ 
cal  processing  variables,  P  (compaction  pressure).  As  shown 
in  Fig.  11,  the  variation  of  the  contiguity  with  respect  to  the 


Fig.  10.  Comparison  of  the  volume  fractions  of  constituent  phase  from  the  image  analysis  and  the  real  estimated  values. 
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Fig.  11.  The  three-dimensional  contiguity  of  the  Ni,  YSZ,  and  pores  with  respect  to  the  forming  pressure. 


compaction  pressure  agrees  with  our  initial  expectation  that 
the  contiguity  of  solid  phases,  Ni  and  YSZ,  increases,  and 
the  pore  contiguity  decreases  as  the  compaction  pressure  in¬ 
creases. 

As  we  emphasized  in  our  previous  study  [6],  the  con¬ 
tiguity  of  each  constituent  component  of  the  Ni/YSZ  cer¬ 
met  is  very  important  for  the  prediction  of  the  electrodic 
functions  of  an  SOFC  anode.  To  verify  the  importance  of 
this  contiguity,  we  investigated  the  correlation  of  contigu¬ 
ity  with  the  corresponding  physical  properties  of  Ni/YSZ 
cermet. 


We  plotted  the  calculated  values  of  the  Ni  and  the  pore 
contiguities  with  their  corresponding  electrical  conductivities 
and  gas  permeabilities  (Figs.  12  and  13).  As  we  expected,  the 
three-dimensional  contiguity  of  a  selected  phase  shows  a  very 
strong  correlation  with  its  corresponding  physical  properties. 
The  electrical  conductivity  of  the  Ni/YSZ  cermet,  which  is 
the  main  factor  of  ohmic  polarization,  was  mostly  controlled 
by  the  appropriate  connection  of  the  conducting  phase,  Ni. 
The  gas  permeability,  which  is  a  main  factor  of  diffusional 
polarization  loss,  was  controlled  by  the  appropriate  connec¬ 
tion  of  the  gas  diffusion  path,  pores. 


Room  Temperature 


0.25 


0.30 


0.35 


Ni-contiguity 


Fig.  12.  Correlation  of  the  Ni  contiguity  and  corresponding  electrical  conductivity. 
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Fig.  13.  Correlation  of  the  pore  contiguity  and  corresponding  gas  permeability. 


4.  Conclusions 

A  proposed  image  analyzing  method  was  found  to  be  a 
very  viable  means  to  investigate  the  microstructural  evolu¬ 
tion  of  a  multi-component  composite  electrode,  specifically 
the  Ni/YSZ  anode  of  SOFC.  The  quantified  microstructural 
data  from  image  analysis,  which  included  the  size,  the  dis¬ 
tribution,  and  the  contiguity  of  each  constituent  phase,  were 
very  helpful  to  understand  the  very  complicated  microstruc¬ 
tural  features  of  the  three  different  phases  of  Ni/YSZ.  A  com¬ 
bined  microstructural  analysis  with  an  image  analysis  and 
a  corresponding  physical  property  measurement  were  very 
valuable  for  the  investigation  of  the  correlation  between  the 
microstructure  and  the  property.  We  expect  that  this  charac¬ 
terization  method  will  consequently  enable  us  to  optimize  the 
microstructure  and  property  of  the  Ni/YSZ  anode  for  the  best 
performance  of  SOFC. 
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